ABSTRACT. The ICR-derived glomerulonephritis (ICGN) mice consist of heterozygous and homozygous groups and are considered to be a good model for human idiopathic nephrotic syndrome. To reveal changes in cell-surface carbohydrate construction, 24 lectins were applied to kidney sections of 10-, 30-and 50-week-old male heterozygous and homozygous ICGN mice and age-matched male ICR mice. Bandeiraea simplicifolia lectin-I (BSL-I), which specifically binds to α-D-galactopyranosyl groups, showed positive staining in the glomeruli of ICGN mice, but not in those of ICR mice. Positive BSL-I staining was observed only in distal tubules of homozygous ICGN mice. Lectin blotting for BSL-I demonstrated characteristic glycoproteins (45, 58 and 64 kD) in ICGN but not in ICR mice, and the levels of these molecules augmented in homozygous ICGN mice with the progression of renal failure. Moreover, succinylated wheat germ agglutinin, Dolichos biflorus agglutinin, Aleuria aurantia lectin and Ulex europaeus agglutinin-I showed positive staining only in the glomeruli of homozygous ICGN mice, but not in those of heterozygous ICGN or ICR mice. The staining intensities of Ricinus communis agglutinin-I, Phaseolus vulgaris agglutinin-E and -L, Lens culinaris agglutinin and Erythrina cristagalli agglutinin (ECL) in the glomeruli of homozygous ICGN mice were stronger than those of heterozygous ICGN and ICR mice. In conclusion, lectin histochemistry provided useful information for the diagnosis and prognosis of nephrotic lesions. Characteristic BSL-I binding glycoproteins may be pathogenic factors which cause renal disease in ICGN mice and are good tools to investigate the molecular mechanism of renal disorders in ICGN mice. basement membrane and podocytes with extensively fused foot processes were observed [25, 26, 31] . Such glomerular lesions were also observed in the kidneys of neonatal ICGN mice (4-6 days after birth) [27] . In the occluded renal tubules, thickened basement membranes were also seen. Thus, the ICGN mice showed albuminuria with a rapid shift of the glomerular lesion to glomerulosclerosis during the first five weeks after birth and are considered to be a suitable nephrosis model to investigate the mechanism of human idiopathic nephrotic syndrome. However, the pathological degeneration of the renal cells in ICGN mice has not been determined in detail. Recent studies of lectin histopathology revealed that changes in cell-surface carbohydrates detected by lectin staining are good markers for histopathological diagnosis [18] . Cell-surface carbohydrates play important roles in cell recognition and interactions during cellular differentiation, and changes in cell-surface carbohydrates have been observed in various pathological conditions in both humans and experimental animals. For instance, tumor cells with malignant phenotypes show neoplastic transformation-related changes in oligosaccharide biosynthesis [2] . Cell-surface carbohydrates are reliable markers for histopathological diagnosis, and lectins recognizing these macromolecules or cell-surface carbohydrates have been extensively used as biochemical and histopathological probes in cell biology and pathology [4, 5, 7, 12, 13] .
basement membrane and podocytes with extensively fused foot processes were observed [25, 26, 31] . Such glomerular lesions were also observed in the kidneys of neonatal ICGN mice (4-6 days after birth) [27] . In the occluded renal tubules, thickened basement membranes were also seen. Thus, the ICGN mice showed albuminuria with a rapid shift of the glomerular lesion to glomerulosclerosis during the first five weeks after birth and are considered to be a suitable nephrosis model to investigate the mechanism of human idiopathic nephrotic syndrome. However, the pathological degeneration of the renal cells in ICGN mice has not been determined in detail.
Recent studies of lectin histopathology revealed that changes in cell-surface carbohydrates detected by lectin staining are good markers for histopathological diagnosis [18] . Cell-surface carbohydrates play important roles in cell recognition and interactions during cellular differentiation, and changes in cell-surface carbohydrates have been observed in various pathological conditions in both humans and experimental animals. For instance, tumor cells with malignant phenotypes show neoplastic transformation-related changes in oligosaccharide biosynthesis [2] . Cell-surface carbohydrates are reliable markers for histopathological diagnosis, and lectins recognizing these macromolecules or cell-surface carbohydrates have been extensively used as biochemical and histopathological probes in cell biology and pathology [4, 5, 7, 12, 13] .
The ICR-derived glomerulonephritis (ICGN) mice, a novel inbred strain of mice with a hereditary nephrotic syndrome of unknown etiology, are considered to be a good model for human idiopathic nephrotic syndrome. They were established at the National Institute of Infectious Diseases [21] [22] [23] [24] [25] [26] [27] . The ICGN mice were categorized into heterozygous (approximately 40% of mice with symptoms) and homozygous (100% of mice with severe symptoms) groups based on their outward appearance and clinical and histopathological findings. Approximately 40% of animals of each generation of ICGN mice were homozygotes, and all of the homozygous ICGN mice had severe glomerulonephritis, showing heavy proteinuria, hypoproteinemia, hypoalbuminemia and hyperlipidemia, and most developed serious anemia and severe systemic edema [21-27, 14-17, 31-33] . In homozygous ICGN mice with severe glomerulonephritis, the kidney exhibited a slightly whitish and granular surface, the renal cortex became thinner, and fibrous lesions were scattered in the renal cortex zone. In the glomeruli, thickened basement membrane consisting of multilaminar splitting, narrowed and occluded capillary lumen, no detachment of the podocytes from the To identify the key factors in the pathogenesis and the markers for renal failure, in the present study, we examined differences in cell-surface carbohydrate structures in the kidneys of heterogenous and homogenous ICGN and normal ICR mice using 24 kinds of biotinylated lectins as histopathological probes.
MATERIALS AND METHODS
Animals and tissue preparation: Nephrotic mice (ICGN strain) were prepared by mating between homozygous males (nep/nep) and heterozygous females (nep/-) at the laboratory of National Institute of Infectious Diseases [21] [22] [23] [24] [25] [26] [27] . Ten-, 30-and 50-week-old male homozygous and heterozygous ICGN mice and age-matched male ICR mice purchased from Clea Japan (Tokyo, Japan) were used. All animals were given a standard diet (CM, Oriental Yeast Co., Tokyo, Japan) and tap water ad libitum in an air conditioned room (23 ± 1°C), under controlled lighting conditions (12L/12D). They received humane care as outlined in the "Guide for the Care and Use of Laboratory Animals" (Kyoto University Animal Care Committee according to NIH #86-23; revised 1985). For clinical biochemical analyses, urine samples during the 24 hr before sacrifice (24 hr urine samples) were collected, and blood samples were obtained from the cervical vein under ether anesthesia. Serum was prepared by centrifugation at 1,000 rpm for 10 min. The animals were killed under deep ether anesthesia, and then the kidneys were rapidly removed. The left kidney was immediately fixed in 10% neutral-buffered formalin (pH 7.4) for conventional histopathological evaluation and lectin histochemistry, while the right kidney was frozen in liquid nitrogen for histochemical measurement of total and type I collagens and for lectin blot analysis.
Clinical biochemical analysis: To evaluate nephrotic state, 24 hr urine and serum samples were examined on the basis of the following biochemical parameters [32] . Urinary and serum albumin (uAlb and sAlb, respectively) levels were measured by a bromo-cresol green method using an A/GB test kit (Wako Pure Chemical Co., Osaka, Japan) to assess the severity of albuminuria and hypoalbuminemia. To assess the loss of renal function, serum creatinine (sCr) and blood urea nitrogen (BUN) levels were measured by Jaffé's method with a creatinine test kit (Wako) and by the urease indophenol method with a nitrogen-B test kit (Wako), respectively. To evaluate the degree of hypercholesteremia, the serum total cholesterol (sTC) level was determined by an enzymatic method with a Cholesterol-E test kit (Wako). All procedures were performed according to the manufacturers' protocols.
Renal histopathology: After fixation, the kidney samples were dehydrated through a graded ethanol series and embedded in Histosec (Merck Co., Darmstadt, Germany). Sections 3 µm thick were prepared on a microtome, mounted on glass slides precoated with 3-aminopropyltriethoxysilane (Aldrich Chemical, Milwaukee, WI, U.S.A.), deparaffinized with xylene and rehydrated through a graded ethanol series.
For conventional histopathological evaluation, some of the sections were stained with hematoxylin and eosin according to the standard method. As previously reported [10, 32, 33] , the extent of glomerulosclerosis was expressed as the degree of collagen deposition, which was assessed on sections stained with Sirius red solution (saturated picric acid in distilled water containing 0.1% Sirius red F3B; BDH Chemicals Ltd., Poole, UK) [8] [9] [10] . All slides were mounted with Entellan (Merck), and examined by light microscopy at least three sections/mouse. In each kidney specimen, approximately 100 glomeruli were selected at random and evaluated by light microscopy as described previously [10, 32, 33] . Briefly, the mesangial expansion in the glomeruli was scored according to the extent of the sclerotic lesion in the glomerulus and graded from 0 to 4 (0 = normal; 1 = change affecting < 25%; 2 = change affecting < 25-50%; 3 = change affecting < 50-75%; 4 = change affecting > 75%). In addition, the morphological changes in the glomeruli (capillary aneurysm and hypercellularity) [29] , and tubular (cystic tubular dilation, epithelial cellular atrophy and intraluminal cast formation) [30] and tubulointerstitial (tubulointerstitial expansion and mononuclear cell filtration around arterioles) [20] lesions were also recorded. Each glomerulus was classified into three categories: normal (glomerulus without mesangial expansion), expansion of mesangial areas (glomerulus graded from 1 to 4), and capillary aneurysm (glomerulus with severe degeneration, i.e. not only with expansion of mesangial but also with capillary aneurysm and hypercellularity). Morphological changes of glomeruli were expressed as percentage of glomeruli in each category.
Histochemical quantification of total and type I collagens: The degree of ECM deposition in kidney sections is a good indicator of glomerular sclerosis. Total and type I collagen levels in each frozen section of mouse kidney cortex were measured by microquantitation method as previously described [8] [9] [10] .
Lectin histochemistry and blot analysis: To identify the localization of specific carbohydrate chains, paraffinembedded serial sections were incubated with 24 biotinylated lectins. Carbohydrate binding specificities of the 24 lectins are summarized in Table 1 . The localization of specific carbohydrate chains in the kidney sections was visualized using the avidin-biotin peroxidase complex (ABC) method as previously described [4, 5, 12, 13] . Briefly, after deparaffinization and rehydration, the sections were incubated with avidin and biotin blocking solution (Vector Laboratories, Burlingame, CA, U.S.A.) at room temperature (RT; 23-25°C) for 15 min to block endogenous binding sites, and then washed with PBS. The sections were incubated with biotinylated lectins diluted appropriately with PBS (see Table 1 ) for 24 hr at 4°C, washed with PBS, and then incubated with ABC reagent (Vector) for 60 min at RT. After washing, they were colorized with 0.002% H2O2, 0.1% 3,3'-diaminobenzidine4HCl (DAB; Wako) in 0.1 M phosphate buffer (pH 7.4), and then counterstained with Mayer's hematoxylin. After dehydration, they were mounted in Entellan and examined under a light microscope. Negative control sections were incubated without biotinylated lectins or ABC reagent. As specific controls, lectins were incubated with 0.002-0.2 M solutions of corresponding sugar haptens (see Table 1 ) before and during application of the lectin solution to the tissue sections [3-6, 12, 13, 19, 34] .
As characteristic staining of Bandeiraea simplicifolia lectin-I (BSL-I) was demonstrated histochemically, lectin blot analysis was performed as previously described [4, 5, 12] . Briefly, frozen kidney sections (at least 10 mg) were mixed with 0.0625 M Tris-HCl (pH 6.8) containing 2% Nonidet-P40, 2% sodium dodecyl sulfate (SDS) and 5% 2-mercaptoethanol (Sigma Chemical, St. Louis, MO, U.S.A.), heated for 3 min at 100˚C, and then urea was added at a final concentration of 8 M. The protein concentration of each sample was determined by a modification of the method of Bradford [1] . The sample proteins (30 µg/lane) and molecular weight standard (Sigma) were fractionated by 7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The fractionated proteins were visualized by staining with Coomassie brilliant blue (CBB), and then subsequently transferred electrophoretically onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, U.S.A.). The PVDF membranes were preincubated with 10 mM Tris-HCl buffer (pH 7.4) containing 500 mM NaCl, 0.05% Tween 20 (TST), and then incubated with biotinylated BSL-I. After washing with TST, they were reacted with HRP-conjugated avidin (Honen Corporation, Tokyo, Japan), washed, and then colorized with 100 mM phosphate buffer (pH 7.4) containing 0.003% H2O2 and 0.03% DAB.
Statistical analysis: ANOVA analysis with Fisher's least significant differences test comparison for biochemical data, and Wilcoxon's signed rank test for morphologic estimation were carried out with the Statview IV program using a Macintosh computer. Differences at a probability of p<0.05 were considered significant. All data are expressed as mean values ± SD (n=10).
RESULTS
Clinical parameters: Aged homozygous ICGN mice (50 weeks) manifested clinical abnormalities such as the exercise intolerance, pale ears, weight loss as well as edema. Urinary and serum biochemical data are summarized in Table 2 . There were no significant differences in serum albumin, creatinine, total cholesterol or BUN between ICR and heterozygous ICGN mice at any time point examined, but low levels of urine albumin (weak albuminuria) and mild disorders in other nephrotic parameters were seen in heterozygous ICGN mice. The nephrotic state progressed 
Canavalia ensiformis 4 α-Man, oligomannoside glycan, Bi-antenna complex glycan in an age-dependent manner in homozygous ICGN mice. Renal collagen levels and histopathology: Renal total and type I collagen levels assessed by a microquantification method are shown in Table 3 . There were no significant differences in total or type I collagen levels in kidney cortex sections between ICR and heterozygous ICGN mice at any time point examined. When compared with 30-and 50-week-old heterozygous ICGN mice, age-matched homozygous ICGN mice showed 1.35-fold and 1.65-fold increases in total collagen levels, and 1.49-fold and 1.66-fold increases in type I collagen levels.
Histopathological examination revealed that most ICR and heterozygous ICGN mice had kidneys with normal glomeruli (more than 98% and 89%, respectively), but all 50-week-old homozygous ICGN mice had kidneys with abnormal glomeruli (77 ± 9% and 23 ± 9% of glomeruli with expanded mesangial area and with capillary aneurysm, respectively; see Table 4 ). There were no marked differences in renal histopathological findings between ICR (used as normal healthy controls) and heterozygous ICGN mice (Fig. 1A and C) . However, expansion of the mesangial areas with an apparent increase in the mesangial matrix, appearance of cysts, extension of renal tubules and infiltration of inflammatory cells were observed in the kidney sections of 50-week-old homozygous ICGN mice (Fig. 1B and D) . Such histopathological abnormalities progressed in an age-dependent manner in homozygous ICGN mice. In aged heterozygous ICGN mice, kidneys exhibited moderate expansion of mesangial matrix (9 ± 2% and 2 ± 1% of glomeruli with expansion of mesangial areas and with capillary aneurysm, respectively; see Table 4 ), but no proliferation of mesangial cells was observed. Moreover, when compared with 50-week-old ICR and heterozygous ICGN mice (Fig. 1C) , progressed fibrotic degeneration in the glomeruli was observed in the kidney sections of 50-week-old homozygous ICGN mice (Fig. 1D) . Thus, glomerulonephritic and glomerular-fibrotic degeneration became severe only in homozygous ICGN mice. Lectin histochemistry: All controls in which staining was performed following treatment with specific inhibitory sugars were negative, indicating that the lectin staining patterns observed in this study were specific. Histochemical staining intensity of each lectin in the glomerulus, proximal tubule, distal tubule and vessel walls located among the renal tubules was estimated semiquantitatively, and representative histological findings of lectin histochemistry in the kidney sections of 50-week-old ICR, heterozygous and homozygous ICGN mice are summarized in Table 5 . No positive staining with Sophora japonica agglutinin (SJA) was seen in any kidney sections. No differences in staining patterns of the eleven lectins, i.e. Jacalin, Lycopersicon Fig. 2A and B) , but strong staining with BSL-I was demonstrated in glomerular capillary walls, i.e. endothelial cells of glomerular capillaries, and some their walls located among the renal tubules in the kidney sections of both heterozygous ( Fig. 2C and D) and homozygous ( Fig. 2E and F ) ICGN mice. Luminal apical cell membranes of distal tubules were consistently stained with succinylated wheat germ agglutinin (s-WGA) in all ICR (Fig. 3A) , heterozygous ( 3A ; s-WGA) or heterozygous ICGN mice ( Fig. 3B and C ; s-WGA and DBA, respectively), but positive staining with these lectins was seen in the glomerular mesangium in the sections of homozygous ICGN mice ( Fig. 3D ; DBA staining). In the kidneys of homozygous ICGN mice, the vessel walls located between the renal tubules as well as their interstitium were stained with DBA (Fig. 3D) , but no such staining pattern with DBA was seen in the kidneys of ICR (Fig. 3C ) or heterozygous-ICGN mice. No positive staining with Sambucus sieboldiana agglutinin (SSA) was seen in brush borders of extended proximal tubules of ICR or heterozygous ICGN (Fig. 3E) mice, but those of homozygous ICGN mice (Fig. 3F ) were strongly stained with SSA. In brush borders of proximal tubules, staining intensity of Aleuria aurantia lectin (AAL), PHA-E and PHA-L increased with nephritis aggravation in homozygous ICGN mice. The interstitia of both proximal and distal tubules were stained with Lycopersicon esculentum lectin (LEL), SSA and Pisum sativum agglutinin (PSA), but no staining with these lectins was seen in the kidneys of ICR or heterozygous ICGN mice. Lectin blot analysis: As described above, positive staining 
Abbreviations used: ICGN 1 , heterozygous ICGN mice; ICGN 2 , homozygous ICGN mice; Proximal T., proximal tubule; Distal T., distal tubule; Vessel wall, vessel walls located between the renal tubules. Intensity: -, +, ++, +++ denote negative, weak, moderate and intense staining, respectively.
with BSL-I was histochemically demonstrated in heterozygous and homozygous ICGN mice, but not in ICR mice. So, we performed lectin blot analysis with BSL-I to determine the specific glycoproteins expressed in heterozygous and homozygous ICGN mice. No distinct differences were observed in the protein bands prepared from kidney lysates of ICR, heterozygous and homozygous ICGN mice ( Fig. 4; lanes 1, 2 and 3, respectively) . When the separated proteins were stained with BSL-I, three distinct bands (45, 58 and 64 kD) of ICGN mouse kidney were observed ( Fig. 4 ; lanes 5 and 6, arrows). A strong band with a molecular mass of 64 kD was seen in the homozygous ICGN mouse kidney. These changes in the staining intensity of kidney glycoproteins were consistent with the histochemical results described above.
DISCUSSION
Some lectins, especially BSL-I, showed characteristic staining patterns in ICGN mouse kidneys with renal failure. BSL-I showed positive staining in the glomeruli of both homozygous and heterozygous ICGN mice, but those of ICR mice were negative, and the staining intensity of BSL-I in the glomeruli of homozygous ICGN mice was stronger than that of heterozygous ICGN mice. Positive staining of BSL-I in distal tubules was only observed in homozygous ICGN mice. Moreover, lectin blot analysis for BSL-I revealed characteristic glycoproteins bands with molecular weights of 45, 58 and 64 kD in heterozygous and homozygous ICGN mice but not in ICR mice, and increased staining was observed in homozygous ICGN mice. These three specific glycoproteins may be key factors in the pathogenesis of renal failure and are considered to be good markers for it. BSL-I consists of five isolectins, which are tetrameric structures composed of various combinations of two different subunits designated as A and B (BSL-A4, BSL-A3B1, BSL-A2B2, BSL-A1B3 and BSL-B4) [19] . The A-subunit exhibits a primary specificity for α-D-Nacethylgalactopyranosyl (α-D-GalNAcp) groups and also reacts weakly with α-D-galactopyranosyl (α-D-Galp) group. Binding patterns of BSL-A4, homo-tetramer of A-subunits, in kidney sections were different among normal and diabetic mice, and different staining patterns have been seen among mouse strains (C57BL/6J, ICR, BALB/c and NSY) [35] [36] [37] . The B-subunit shows a high degree of specificity toward α-D-Galp but not α-D-GalNAcp groups. BSL-B4, homo-tetramer of B-subunits, exhibited binding to the glomerular and peritubular basement membrane in frozen sections of mouse and rabbit kidneys, but not in those of humans [28] . Biotinylated BSL-I used in the present study is a mixture of five isolectins, binds mainly with α-D-Galp groups [19] . Miyamoto et al. [12, 13] showed that histochemical staining of BSL-I demonstrated speciesspecific and strain-specific patterns, and its staining patterns specifically correspond to physiopathological condition. Further interesting findings of lectin histochemistry were as follows: AAL, DBA, UEA-I and s-WGA showed positive staining only in the glomeruli of homozygous ICGN mice, but no staining was observed in those of heterozygous ICGN or ICR mice. The staining intensities of RCA-I, PHA-E, PHA-L, LCA and ECL in the glomeruli of homozygous ICGN mice were stronger than those of heterozygous ICGN and ICR mice. The present findings indicated that these lectins with which strong staining was demonstrated in homozygous ICGN mice with severe glomerular disorder may be good indicators for the diagnosis and prognosis of glomerular lesions. Moreover, positive staining with SSA was only observed in the proximal tubules of homozygous ICGN mice, and positive staining with BSL-I was only demonstrated in distal tubules of homozygous ICGN mice. In proximal tubules, positive staining with s-WGA was observed in both homozygous and heterozygous ICGN mice but not in ICR mice. Stronger levels of staining with DSL, AAL, PHA-E and PHA-L were demonstrated in homozygous ICGN mice compared with heterozygous ICGN and ICR mice. These lectins, whose stronger staining was seen in homozygous ICGN mice with severe renal tubular lesion, are considered to be good probes for histopathological diagnosis and prognosis of tubular disorders.
It is also interesting that the glomerular basement membrane is the obvious site with ultrastructural alterations observed as early as 5 weeks old as described in our previous report [22] . In the mesangium of ICGN mice, the histochemical intensities of RCA-I, PHA-E, PHA-L and LCA staining increased corresponding to nephritis aggravation. Moreover, no histochemical staining with AAL, DBA, UEA-I or s-WGA was observed in the mesangium of heterozygous ICGN or ICR mice, but positive staining with these lectins was demonstrated in homozygous ICGN mice. In various human renal diseases, loss of UEA-I binding glycoconjugate was observed in the sclerotic areas of the glomeruli [35, 36] , and this lectin is considered to be a good marker for diagnosis and prognosis of human renal diseases. Such species-specific discrepancy between ICGN mice and human in UEA-I staining may be caused by a difference in pathogenic molecules or by species-specific difference in cell-surface carbohydrates [7] . As described above, loss of BSL-A4 binding glycoprotein accompanying sclerosis of the glomeruli was observed in diabetic mice with renal disorder [37] . Moreover, brush borders of extended proximal tubules were strongly stained with SSA only in the kidneys of homozygous ICGN mice with severe renal disorders, but no such staining with SSA was ever seen in heterozygous ICGN or ICR mice. The intensities of AAL, PHA-E and PHA-L staining in brush borders of proximal tubules increased corresponding with nephritis aggravation in homozygous ICGN mice. There was a relation between alterations in the glycoconjugates stained with these lectins and extension of proximal tubules in homozygous ICGN mice. s-WGA exhibited a granular staining pattern in proximal tubular epithelia of a portion of heterozygous and of all homozygous ICGN mice, but not in ICR mice. Recently, in situ hybridization for erythropoietin mRNA demonstrated that the cortical peritubular cells are renal erythropoietin-producing cells [11] . Erythropoietin is a circulating hormone that governs the rate of red blood cell production. We observed that all homozygous ICGN mice developed severe anemia, and that histopathological regression of cortical peritubular cells and abnormal histochemical staining with some lectins in the peritubular area. Thus, regressive changes in cortical peritubular cells, erythropoietin-producing cells, may cause severe anemia in homozygous ICGN mice. The present results suggested that some specific lectins can be used for histopathological diagnosis and prognosis of the development of renal glomerular and tubular diseases including hereditary nephrotic syndrome.
In conclusion, histopathological lectin staining can provide important information for diagnosis and prognosis of the development of hereditary nephrotic lesions. The lectins with which stronger staining was seen in homozygous ICGN mice with severe renal tubular lesions are good probes to investigate the molecular mechanism of renal disorders in ICGN mice. Particularly, three BSL-I binding glycoproteins (45, 58 and 64 kD; especially 64 kDglycoprotein), which may be the pathogenic factors causing renal disease in ICGN mice, are good tools to elucidate the etiology of the renal syndrome in ICGN mice.
